The Bragg selectivity of volume holograms makes them not well suited for many Fourier imaging processing applications in the space domain because they perform the function of a spatial filter and limit the field of view. Similarly, for femtosecond pulse holography they reduce the spectral bandwidth of the diffracted signal. However, we show both theoretically and experimentally that it is much easier in the frequency domain than in the space domain to achieve a large enough diffraction bandwidth of volume holograms for the bandwidth of 100-fs pulses to be used for frequency-domain femtosecond pulse shaping. The experiments were performed by nondegenerate four-wave mixing in photorefractive InP:Fe with femtosecond readout at 1.5 m.
INTRODUCTION
The development and the commercial availability of sub-100-fs lasers have extended the bandwidth of optical communications and signal processing into the terahertz range. In these applications, functional waveforms with large bandwidths are often needed and can be achieved by processing the laser output pulses. Fourier filtering in a femtosecond pulse shaper 1 is one technique for processing optical signals in the Fourier domain, for which the optical frequency components of the femtosecond pulse are spatially dispersed by a dispersive element, then modified by a filter, and recombined by an identical dispersive element to form the temporal output with a shaped waveform. Among many filtering masks for femtosecond pulses, such as fixed amplitude and phase masks, 1 liquidcrystal spatial light modulators, 2 and acousto-optical modulators, 3 dynamic holograms are interesting because of their flexibility and the possibility of using them to implement dynamic processing. 4 Photorefractive materials 5 are prominent dynamic holographic media because of their low-intensity requirement for writing holograms and their large refractive-index changes. Among photorefractive materials, ferroelectric crystals such as BaTiO 3 , LiNbO 3 , and KNbO 3 have large electro-optic coefficients, which lead to strong photorefractivity and high diffraction efficiencies but with slow grating response times of seconds. Because of the strong spatial Bragg selectivity of volume holograms, photorefractive crystals are excellent for high-capacity holographic data storage 6 by use of angular multiplexing and for narrow-band interference filtering, 7 but they are considered as not well suited for implementing Fourier-plane filtering operations in space-domain image processing 8 because the Bragg selectivity performs the function of a spatial filter and limits the field of view. 9, 10 Special designs, such as the Galilean telescopic beam compression technique in a jointtransform correlator, 11 had to be used to solve the problem. Even holographic memories experience limitations in storage density owing to the Bragg selectivity when volume holograms are written and read out by lasers with greatly different wavelengths, although this is not a problem for identical write and readout wavelengths. 12 An application of volume holography of interest to us is to use a volume hologram for spatial patterning of spatially dispersed frequency components within a femtosecond pulse-shaping apparatus. We are particularly interested in the possibility of implementing holographic pulse shaping of 1.5-m optical pulses in the optical communication band by holograms written at near-infrared wavelengths near 1 m of cw diode lasers and in the appropriate holographic materials for this application. Reading a hologram at longer wavelengths than the writing wavelength makes holograms less volatile, as was demonstrated in holographic data storage, image processing, 10 real-time holography, 13 and recently spectral holography. 14, 15 A key issue for this scheme is whether the volume hologram, written by a cw laser producing a constant hologram period, will have a sufficient Bragg matching bandwidth to diffract the entire spectrum of an incident femtosecond pulse with sufficient diffraction efficiency. Our goal here is to investigate the bandwidth of femtosecond pulses diffracted from volume holograms in photorefractive InP:Fe. Our results elucidate the conditions under which sufficient bandwidth is available to diffract the entire bandwidth of femtosecond pulses and suggest the appropriate candidate materials, the photorefractive semiconductors.
In previous experiments LiNbO 3 was used for processing femtosecond pulses in the frequency domain, 16 but because of the concern of Bragg limitation, a short crystal (1 mm) and small incident angles were used, which reduced the diffraction efficiency in this material. The holographic recording time was 1-2 min.
14 Thin holograms such as GaAlAs/GaAs multiple quantum wells, for which the Bragg limitation is eliminated because the diffraction is in the Raman-Nath regime, have been used for femtosecond pulse shaping 17 and time-domain image edge enhancement 18 with a significantly improved response time of several microseconds with input diffraction efficiencies of 10 Ϫ3 , limited by the interaction length. For volume holograms with large interaction length, the Bragg selection becomes weaker when the incident angle is small or, similarly, if the grating spacing is large. For photorefractive oxides with diffusion as the sole charge transport mechanism, the optimum grating spacing for diffraction is small, typically р1 m. For larger grating spacings diffusion results in a decreasing spacecharge field as well as a decreasing hologram strength that is inversely proportional to the grating spacing. On the other hand, for photorefractive semiconductors such as GaAs, InP, and CdTe an external electric field is usually applied to enhance the space-charge field as well as the photorefractivity, which is weak without the applied field because of the small electro-optic coefficients. As a result, charge drift becomes the dominant transport mechanism, which moves the optimum grating spacing to a larger value, usually у10 m, favoring reduced Braggselectivity. In addition, photorefractive semiconductors have much faster response times than ferroelectrics because of their large carrier mobility, and they are sensitive to the wavelengths in the near-infrared that are important for optical communications. These aspects may make the photorefractive semiconductor crystals suitable for femtosecond applications that use Fourier-plane filtering.
In the research described this paper we use photorefractive InP:Fe as the holographic material because it is a prominent photorefractive semiconductor with high twowave mixing gain. 19, 20 Photorefractive phenomena that require high beam-coupling strength, such as selfpumped phase conjugation and double-pumped and double-color-pumped phase-conjugate mirrors, 21 have been observed in InP:Fe at many near-infrared wavelengths including 1.3 m. However, few studies of photorefractive InP:Fe at 1.5 m and even fewer with femtosecond pulses have been done. We investigate diffraction of femtosecond pulses at 1.5 m from volume holograms in InP:Fe both theoretically and experimentally. We demonstrate a diffraction bandwidth of tens of nanometers near 1.5 m for a 7.8-mm-thick InP:Fe crystal, which is sufficient to accommodate the entire bandwidth of a 100-fs pulse. The result suggests that InP:Fe (and photorefractive semiconductors in general) can be a suitable material for femtosecond pulse processing at 1.5 m by volume holography within a femtosecond pulse shaper.
EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 , which is a typical transmission hologram write-read geometry. The two hologram writing beams are from a cw diode laser at a wavelength of 980 nm with s polarization. The femtosecond probe beam, with a pulse width of 150 fs at 1500 nm, is from an optical parameter oscillator (OPO) pumped by a mode-locked Ti:sapphire laser. The holographic medium is a holographic-cut photorefractive InP:Fe crystal with dimensions of 4.2 mm ϫ 5.0 mm ϫ 7.8 mm. The read-out beam is also s polarized to yield the maximum diffraction for this crystal orientation. 22 An electric field is applied along the ͗001͘ direction across the 4.2-mm distance. The optical surfaces are the (110) planes with an interaction length d ϭ 7.8 mm. The absorption coefficients are 5.2 and 0.08 cm Ϫ1 at 980 nm and 1.5 m, respectively, and the corresponding refractive indices are approximately 3.327 and 3.134 at the pump and the reading wavelengths, respectively. The intersection angle 2 p of the two writing beams can be changed to yield different grating spacings. To exploit the intensity-temperature resonance in InP:Fe, which leads to a strong refractive-index change, 23 we control the temperature of the crystal with a thermoelectric cooler. The femtosecond probe beam enters the crystal at the Bragg angle for the center wavelength. The diffracted intensity and spectrum are detected by a germanium photodiode (D) and an optical spectrum analyzer.
RESULTS AND DISCUSSION
In this section we first give an easy-to-use, analytical expression for diffraction bandwidth for the case of weak diffraction by use of Kogelnik's coupled-wave theory 24 and then discuss the experimental results on diffraction bandwidth of a broadband femtosecond pulse from a volume hologram in a photorefractive crystal.
As is shown in Fig. 1 , two copolarized cw write beams at a wavelength of p enter the surface of the photorefractive material at equal angles p (the angles inside the crystal are p Ј), writing an unslanted photorefractive grating. The grating has the form ⌬n ϭ ⌬n 0 cos(Kx), where ⌬n 0 is the maximum refractive-index change and K ϭ 2/⌳ is the grating vector length with the grating spacing ⌳ ϭ p /2 sin p . The broadband femtosecond optical reading pulse E r with a center wavelength of r enters the crystal at an angle of r (the angle inside the crystal is r Ј) and is diffracted by the refractive-index grating. If the absorption is negligible, which is true for an InP crystal at 1.5 m, and diffraction is weak, the reading beam itself is approximately unaffected. The number of coupled-wave equations in Kogelnik's theory is reduced to one with a constant E r :
where
The diffraction efficiency is defined as ϭ E d E d */ E r E r *, and the maximum diffraction efficiency 0 is (d/cos r Ј)
2 with crystal thickness d. For the broadband read beam incident at an angle r it is impossible for all wavelength components simultaneously to satisfy the Bragg condition. At a wavelength with ⌬ different from r , from Eq. (2), the normalized diffraction efficiency has the form of a squared sinc function:
We then get a wavelength range 2⌬ 1/2 , beyond which the diffraction will drop below 50% of its maximum value:
The bandwidth is inversely proportional to grating thickness d, so traditionally it is believed that thick holograms are limited in broadband applications. However, it is also observed that ⌬ 1/2 depends on the square of the grating period when the changes in the term of cos r Ј can be overlooked (which can be done at small incident angles). With increasing grating period, the spectral bandwidth increases rapidly, as our results verify experimentally. In addition, the maximum diffraction efficiency 0 is independent of grating period, again assuming small angles where cos r Ј remains near unity. Therefore one expects to be able to achieve large diffraction bandwidth without sacrificing diffraction efficiency.
With Eq. (3) for the case with a finite incident spectrum ͉E IN ()͉ 2 , which matches the results given in Ref. 24 under the condition of low conversion efficiency, the output power spectrum is given by ͉E out ()͉
2 , which we use to calculate the diffraction output bandwidth and spectrum under our experimental conditions.
Before the femtosecond probe beam is sent to the crystal for the diffraction experiment, the hologram written in the InP:Fe crystal at 980 nm is characterized and optimized by a two-beam coupling experiment in which the energy exchange between the two writing beams is measured. The two-beam coupling gain coefficient is defined as ⌫ ϭ ln͓␤r/(1 ϩ ␤ Ϫ r)͔/d, with beam ratio ␤ and twobeam coupling gain r ϭ (I 1 with I 2 )/(I 1 without I 2 ) with the beam intensities I 1,2 measured after the crystal. To achieve an optimum gain, we align the beam path of the two beams to be equal. The FWHM of the peak in the two-beam coupling gain as a function of the delay of one beam is 1.3 mm. Therefore the delay between the two writing beams is set to a precision of a few hundred micrometers for our diffraction experiments.
At excitation wavelengths near 1 m in InP:Fe the dominant optically excited charges are holes, whereas the thermally excited charges are predominantly electrons. The maximum modulation of the space-charge field as well as of the refractive index is obtained when the dc part in the spatially modulated photocarriers is balanced by the thermally excited charges (electrons). This is called intensity-temperature resonance. 23 For our experiment at an applied field of 6 kV/cm the optimum twobeam coupling gain at an intensity of 60 mW/cm 2 is obtained at a sample temperature of 10°C with a value of 0.48 cm Ϫ1 for equal incident intensities of the two beams. The grating spacing is 7.3 m. Using the relation between the two-beam coupling coefficient and the refractive index change in the crystal ⌫ ϭ 4⌬n/ p , we can estimate the refractive-index change to be ⌬n ϳ 4 ϫ 10 Ϫ6 , assuming a /2 phase shift between the refractive-index grating and the intensity grating, which is true under conditions of intensity-temperature resonance. 23 It is not our intention here to achieve high two-beam coupling gain. The small gain value here is caused by the large absorption at the 980-nm pump wavelength, which leads to a strong decrease of intensity in the crystal. As a result, the intensity-temperature resonance cannot be maintained along the crystal for a uniform sample temperature. At longer wavelengths relative to 980 nm, for example at 1.064 or 1.3 m, the gain coefficient can be increased by at least an order of magnitude. 20, 25 For the diffraction experiment the femtosecond probe beam is incident upon the hologram at the Bragg angle. The measured diffraction efficiency is approximately 10 Ϫ3 , which agrees with the value estimated from ⌬n in the two-beam coupling experiment. As a femtosecond pulse with a bandwidth of 16 nm enters the crystal, the diffracted spectrum is narrowed by the Bragg selectivity at a small grating spacing. Figure 2 shows the diffraction spectra from holograms with grating spacings of 4.1 and 13.9 m, corresponding to grating writing angles of 6.9 and 2.0 deg, respectively. The FWHM of the diffraction spectrum at the grating spacing of 4.1 m has a value of 8 nm, which is half of the incident spectrum width, whereas the value at 13.9 m is 16 nm, which is equal to the input bandwidth. An experiment was also performed with a 7.3-m grating period, and an output bandwidth of 11 nm was observed. Numerical calculations using the Kogelnik theory for these grating spacings are also given in Fig. 2 , and they agree well with the experimental data. The spectrum of the input pulse is also plotted in the figure for comparison. Figure 3 shows the theoretical calculation of the bandwidth of the diffracted pulse as a function of the grating spacing with a crystal length ranging from 4 to 11 mm, assuming as before an input pulse with 16-nm bandwidth. At grating spacings larger than 10 m the entire bandwidth of 16 nm can be reconstructed, even for the 11-mm-thick crystal. Therefore large bandwidth can be obtained at large grating spacings. Although this argument can also be made for the trend in spatial bandwidth, the increase of spectral bandwidth with increasing grating spacing or decreasing incident angle is more rapid. This phenomenon can be seen qualitatively from the rules of thumb for the angular and spectral half-power bandwidth given by Kogelnik, 2⌬ 1/2 ϳ ⌳/d and 2⌬/ 1/2 ϳ cot r ⌳/d, which increases more rapidly than 2⌬ 1/2 with decreasing r .
The crystal thickness is an important parameter in addition to the grating spacing for determining whether a hologram is in the thick or the thin grating regime by use of the Q factor, 26 Q ϭ 2d r /⌳ 2 n r . When ⌳ ϭ 4.1 m, we have Q Ϸ 1400 for a 7.8-mm-thick crystal. This Q value is much larger than 1, indicating that the grating is a thick grating, and the angular selectivity is 2⌬ r Ϸ ⌳/d ϭ 0.03 deg. 14 At ⌳ ϭ 14 m these values become Q Ϸ 117 and 2⌬ r Ϸ 0.1 deg. Although the grating is still in the thick grating regime under the definition of Q, the bandwidth of the grating diffraction is already large enough for the full spectrum of a 100-fs pulse to be reconstructed in the hologram readout. Figure 4 shows the output bandwidth as a function of the grating spacing with an infinite input bandwidth for a crystal length of 7.8 mm. A pulse with a bandwidth as large as 140 nm was obtained from the diffraction at a grating spacing of 14 m, which is an appropriate grating spacing for a strong hologram in a photorefractive semiconductor with an applied electric field. Such a bandwidth corresponds to an ultrashort pulse with a pulse width of only 24 fs, assuming a transform-limited Gaussian pulse shape. For those pulses, however, the dispersion of the bulk materials will become much greater. The limit in the hologram thickness is the group-velocity dispersion, which broadens the femtosecond pulse. For InP, the wavelength dependence of the refractive index at room temperature is given by
where 
with the dispersion length L D ϭ 0.36t 0 2 /͉␤ 2 ͉. Figure 5 shows the pulse width and the diffraction efficiency as a function of the crystal length for three incident pulse widths. The diffraction efficiency is calculated from the two-wave mixing gain coefficient 25 of 5 cm Ϫ1 at 1.3 m. From Eq. (6) and Fig. 5 , the crystal length for keeping the broadening less than 20% is 2 cm for a typical 400-fs fiber laser pulse, 3 mm for a typical 150-fs pulse from an optical parametric oscillator, and only 50 m for a 20-fs pulse. The diffraction efficiency at a crystal thickness of 3 mm would be 14% for the 150-fs pulses. Because of their potential for large bandwidth and their large diffraction efficiency, photorefractive volume holograms in semiconductors are appropriate for applications of Fourier manipulation in the frequency domain, such as pulse shaping, processing, and spectral holography.
CONCLUSIONS
In conclusion, we have performed diffraction measurements by using femtosecond 1.5-m pulses from holograms written by 980-nm cw light in a bulk photorefractive InP:Fe crystal. We have shown that increasing the grating spacing can easily increase the diffraction bandwidth of the hologram in the frequency domain such that it accommodates the entire bandwidth of tens of nanometers of 100-fs laser pulses at 1.5 m. Our experiments support the practicality of using bulk photorefractive semiconductor crystals such as InP:Fe for dynamic Fourier filtering in the frequency domain for pulses as short as 100 fs. Together with spectral holography, use of these crystals permits dynamic femtosecond waveform processing for ultrafast optic communications applications such as time-reversal, correlation, edge enhancement, and dispersion compensation, with a potentially higher efficiency than by use of holographic thin films. 17, 18 
